We propose a model to explain tiny masses of neutrinos with the lepton number conservation, where neither too heavy particles beyond the TeV-scale nor tiny coupling constants are required.
I. INTRODUCTION
The standard model (SM) of particle physics was established by the discovery of a Higgs boson at the CERN large hadron collider (LHC) [1] . This does not mean that theoretical particle physics has been completed because several problems remain in the high energy physics. For example, neutrinos are massless in the SM while the discovery of neutrino oscillations [2] is the evidence of tiny neutrino masses. The absence of the candidate for the dark matter in the SM, which accounts for 27% of the Universe [3] , must be resolved. The baryon asymmetry of the Universe cannot be explained in the SM, so that the SM must be extended to include a mechanism to generate the baryon asymmetry of the Universe.
Reasons why neutrinos are massless in the SM are the absence of right-handed neutrinos ν R and the lepton number conservation. If we introduce ν R to the SM, neutrino masses can be generated via the naive Yukawa interaction with the Higgs doublet field in the SM similarly to masses of quarks and charged leptons. However, the Yukawa coupling constant seems to be unnaturally small ( 10 −12 ). Instead of such fine-tuned coupling constants, in the (type-I) seesaw mechanism [4] very large Majorana masses of ν R are introduced with the lepton number violation for a natural realization of tiny neutrino masses. Such heavy Majorana neutrinos can also be used for leptogenesis [5] to explain the baryon asymmetry of the Universe.
There is an alternative scenario, in which the smallness of neutrino masses can be explained by the quantum effect. For example, tiny Majorana masses are radiatively generated at the one-loop level in the Ma model [6] , where new particles are not necessarily very heavy and can be in the TeV-scale. Hence, scenarios along this line can be in principle tested directly by collider experiments. In addition, new particles that are involved in the one-loop diagram include the dark matter candidate. Similarly to the Ma model, the Aoki-KanemuraSeto (AKS) model [7] gives tiny Majorana neutrino masses at the three-loop level, where the dark matter candidate contributes to the three-loop diagram. One of the remarkable features of this model is that two SU(2) L -doublet Higgs fields are required. In general two
Higgs doublet models can contain CP violating phases in the Higgs sector. It is shown that the strong first-order phase transition is realized in the AKS model which is required for successful electroweak baryogenesis [8] . Thus, three problems can be simultaneously resolved at the TeV-scale in the AKS model, which can be probed at collider experiments.
In Refs. [9, 10] , models for generating the neutrino mass matrix are classified into several groups by focusing on combinations of Yukawa matrices in the mass matrix. In the systematic study for the Majorana neutrino mass generation [9] , no combination other than the one in the AKS model involves simultaneously the dark matter candidate and the second SU(2) L -doublet Higgs field that has the vacuum expectation value. On the other hand, it was found in Ref. [10] that masses of Dirac neutrinos can be radiatively generated by using the dark matter candidate and the second SU(2) L -doublet Higgs field (See Figs. 11, 13 and 15 in Ref. [10] ).
In this letter, we propose a concrete model, where the combination of Yukawa matrices to generate Dirac neutrino mass matrix corresponds to the structure in Fig. 15 in Ref. [10] . As the lepton number violating phenomena such as the neutrinoless double beta decay have not been observed up to now, it would be important to consider the possibility that neutrinos are purely of the Dirac type fermions, whose masses conserve the lepton number. Along this line, we investigate the new model to simultaneously provide the origin of tiny neutrino masses, the dark matter candidate, and the source of the baryon asymmetry of the Universe.
We here ignore the CP violation in the scalar potential for simplicity and concentrate on the realization of the strong first-order phase transition, which is necessary for successful electroweak baryogenesis. Calculation for the baryon asymmetry with the CP violation is beyond the scope of this letter, and leave it as our future work.
This letter is organized as follows. In Sec. II, we present our model where Dirac neutrino masses are generated at the one-loop level. We see that our model can be consistent with neutrino oscillation data and the relic abundance of the dark matter as well as the strong first-order electroweak phase transition required for the electroweak baryogenesis scenario.
Section III is devoted to further phenomenological studies such as lepton flavor violating decays of charged leptons, the spin-independent scattering cross section of the dark matter on a proton, and collider phenomenology. Conclusions are shown in Sec. IV. Some formulae are presented in Appendix.
Odd Even Odd Even Odd Even Even Odd In our model, the lepton number (L) conservation is imposed 1 . We introduce gauge singlet fermions ν iR (i = 1-3) with L = 1, which result in right-handed components of Dirac neutrinos. New fields that are introduced to the SM are listed in Table I . Fermions If the Dirac neutrino mass is simply generated via the Yukawa interaction y ν L Φν R , where Φ ≡ ǫΦ * , the size of the Yukawa coupling constant is extremely small (y ν ∼ 10 −12 ), which seems to be unnatural and cannot be experimentally tested. In our model, the Yukawa interaction is forbidden at the tree-level by imposing a softly broken Z 2 symmetry (we refer to it as the Z ′ 2 symmetry), under which ν R is odd while SU(2) L -doublet lepton and scalars are even. Properties of additional particles with respect to the Z ′ 2 are also shown in Table I . The scalar field s potential, and then the Dirac neutrino mass can be generated at the two-loop level as we see later.
Relevant parts of Yukawa interactions for generating neutrino masses are given by
In order to forbid the flavor changing neutral current (FCNC) at the tree level, we impose another softly-broken Z 2 symmetry (we represent it as Z ′′ 2 ) as shown in Table. I. Quarks and the lepton doublet field are Z
Three Z 2 -even charged scalar fields (φ 
where tan β = v 2 /v 1 . The mixing angle θ + can be expressed as
where the 2 × 2 matrix M
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Z 2 -even neutral scalars (CP-even h and H, CP-odd A, and the Nambu-Goldstone boson ii) Assignments of conserving lepton numbers to new fields stabilize the dark matter candidate instead of the imposed Z 2 symmetry in the AKS model.
iii) The Z 2 -odd neutral scalar s 0 2 is a complex field with the conserved lepton number while the AKS model involves a Z 2 -odd real scalar field.
The diagram for generating Dirac neutrino masses in our model. The arrow shows the flow of the lepton number, which is conserved in our model.
B. Dirac Neutrino Masses
Neutrinos acquire Dirac masses at the two-loop level as (m D ) ℓi ν ℓL ν iR via the diagram in 
where the explicit formula for the two-loop function I ℓa is presented in Appendix A. We can take the basis where ν iR are already mass eigenstates without loss of generality. Then, the mass matrix can be expressed as 
where ∆m 
We see that tiny Dirac neutrino masses are obtained without extremely small values of parameters and very heavy particles. Notice that H 0 for the benchmark set is the lightest Z 2 -odd particle and the dark matter candidate.
For different values of parameters, one of ψ 0 iR can be the lightest Z 2 -odd particle and the dark matter candidate.
C. Relic Abundance of the Dark Matter
For the benchmark set in eq. (15), the dark matter candidate (the lightest Z 2 -odd particle) is a complex scalar particle H 0 . Its relic abundance ( Fig. 2 can be dominant ones in some parameter region. calculated [19] with
where m Pl = 1.2 × 10 19 GeV is the Planck mass, g * = g S * = 106.75, and g H 0 = 1. Figure 4 is obtained by using the benchmark set in eq. (15) (m H 0 is taken as the x-axis) with m H = 200 GeV, λ φ1s0 = 0.02, λ φ2s0 = 0.005.
We see that the observed value of Ω DM h 2 (horizontal dashed line in 
D. Strong First-Order Phase Transition
Baryon asymmetry of the Universe can be generated if the electroweak symmetry is broken via the strong first-order phase transion. Let us examine below whether the strong first-order phase transion can be achieved in our model or not. The effective potential V eff at the one-loop level at the finite temperature T is given by the sum of the potential V tree at the tree level, the one-loop correction ∆V at the zero temperature [20] , the correction ∆V T at the finite temperature [21] as follows:
where ϕ is the order parameter for the electroweak symmetry breaking, n i denotes the degree of freedom for the particle i (= t, W ± , Z, γ, and scalar bosons), s i is the spin. The field- 
III. PHENOMENOLOGY
The Yukawa interaction with Y
The branching ratio is calculated as
where α EM denotes the fine structure constant, G F is the Fermi coupling constant, and which satisfy current experimental bounds BR(µ → eγ) < 4.2 × 10 −13 [24] , BR(τ → eγ) < 3.3 × 10 −8 [25] and BR(τ → µγ) < 4.4 × 10 −8 [25] . The benchmark value for µ → eγ is close to the expected sensitivity BR(µ → eγ) = 6 × 10 −14 at the future MEG-II experiment [26] while benchmark values for τ → ℓγ are too small to be measured.
The Yukawa interaction with Y + ψ causes also µ → eee. Ignoring contributions of penguin diagrams because of constraints for ℓ → ℓ ′ γ, the branching ratio for µ → eee via box diagrams is given by
where formulae of loop functions (I box 1 ) ba and (I box 2 ) ba are shown in Appendix A. The experimental constraint BR(µ → eee) < 1.0 × 10 −12 [27] is satisfied by the benchmark set in eq. (15), which gives BR(µ → eee) = 1.0 × 10 −13 . The benchmark value can be measured at the future Mu3e experiment, whose expected sensitivity is BR(µ → eee) ∼ 10 −16 [28] .
Although coupling constants G ℓℓ ′ for decays ℓ → ℓ ′ νν are universal in the SM such that G ℓℓ ′ = G F , they can be different from each other due to contributions of new particles. The
1 is obtained for the Group-V in Ref. [10] by concentrating on the matrix structure of the neutrino mass matrix. In our explicit model, which belongs to the Group-V in Ref. [10] , we can calculate the size of the lepton universality violation.
The benchmark set in eq. (15) [29] , and G 2 τ µ /G 2 τ e = 1.0036 ± 0.0020 [30] . Deviations of these benchmark values from unity seem to be too small so that they cannot be measured.
The spin-independent scattering cross section σ SI of the dark matter H 0 on a proton can be calculated with the following formulae:
The coupling constant f q of the effective interaction f q H 0 H 0 *in our model is given by
where α is the mixing angle for φ T s = 0 allowed by a lattice QCD calculation [32] in addition to values in eqs. (15) and (18) . Then, we obtain σ SI = 5.0 × 10 −47 cm 2 , which satisfies the current bound (σ SI 10 −46 cm 2 for m DM ≃ 100 GeV) [33] . The benchmark value is in expected sensitivity regions of the LZ experiment [34] and the XENON1T experiment [35] .
There are three charged scalar particles in this model, which can contribute to h → γγ. −0.09 [36] . The expected precision is 2-5 % when the −1 integrated luminosity is accumulated at the LHC [37] . The precision at the ILC can be about 3 % [38] if 2000 fb −1 data with √ s = 250 GeV, 200 fb −1 data with √ s = 350 GeV, and 4000 fb −1 data with √ s = 500 GeV are combined (the H-20 operating scenario [39] ).
Contours of ∆κ
New charged scalars may also contribute to h → γZ. In our model, negative deviations are predicted for the hγγ coupling in most of the parameter space. The deviations are expected to be detected in above the experiments.
The hhh coupling constant λ hhh can be evaluated by using V eff at the zero tempera-
, where diverging contributions of the Nambu-Goldstone bosons are removed. The deviation ∆λ hhh (≡ λ hhh − λ The strongly first-order phase transition in the early Universe can also be tested by detecting the characteristic spectrum of gravitational waves (GWs) [43] [44] [45] [46] [47] [48] [49] at future space based GW interferometers such as LISA [50] , DECIGO [51] and BBO [52] . In particular, it has been decided that LISA will start in relatively near future [50] . In Refs. [53, 54] , discrimination of new physics models with strongly first-order phase transition has been discussed at LISA and DECIGO. The synergy of collider experiments and GW measurement has been discussed in Refs. [54, 55] .
There are two Z 2 -even charged Higgs bosons H 
For m ψ ≡ m ψa = m ψ b , these functions are simplified as
The annihilation into a pair of photons is possible via one-loop diagrams in Figs. 2 
where µ 
where the following formulae are used: 
where we take 2m (4), (15) , and (18) .
